In this work, combustion process of diesel and biofuel blends is studied experimentally in an isothermal oven. Blends with respectively 20%, 40% and 60% of Ethanol (E20, E40, E60), 20%, 40% and 60% of Methanol (M20, M40, M60), and 20%, 40%, 60%, 80% and 100% of Biodiesel (B20, B40, B60, B80, B100), are comparatively analyzed focusing on wall temperature of the isothermal oven and emissions products from combustion. It is found that wall temperature drops with biodiesel content in blends and is higher compared with pure diesel, whatever the content of biodiesel. For diesel-ethanol and diesel-methanol blends the wall temperature is less than pure diesel. Unburned HCs and NOX emissions are very low for all blends and CO emissions increase with higher ethanol and methanol blends. For industrial applications that need high temperature (as drying, cooking, sterilization, others) the combustion of diesel-biodiesel blends are recommended.
Introduction
For the last years, there is a strong trend to find new environment-friendly and renewable fuels to bring a solution to the problematic energy shortage and polluting emissions, mainly due to the increase of energy consumption (Carraretto et al., 2004; Barroso et al., 2010) . Biodiesel has recently drawn the attention because is a renewable biological resource which results from the reaction of lipids (vegetable oil and animal fats) with an alcohol, producing fatty acid esters. It seems to present an alternative to diesel fuel according to its attractive characteristics: not toxic, biodegradable, sulfur-free, carbon neutral, oxygenated, and particulate emitter than a pure diesel fuel, and renewable. Moreover, biodiesel can be handled and transported in a safer manner than diesel due to its lower volatility and its relatively high flash point (Freedman et al., 1984; Freedman et al., 1986; Schwab et al., 1987; Shay, 1993) . Tashtoush et al. (2003) ,conducted tests burning diesel and ethyl ester from a waste vegetable oil in water-cooled furnace, at different air-fuel ratio and two different fuel flows. They showed that biodiesel has a greater combustion efficiency and higher exhaust gas temperature for lower fuel flow than diesel. But at high energy intakes, combustion performance of biodiesel decreases, basically due to its high viscosity, high density, and low volatility. Nevertheless, fewer emissions are obtained with biodiesel in both systems.
The addition of alcohols in diesel or biodiesel was study to take the advantages of less particle emissions from the biodiesel combustion and less NOX from the diesel combustion. Papers studied the mixture of alcohols, as ethanol and methanol, with diesel fuel (Fang et al., 2013) . They are used as a fuel additive. Their presence increases the oxygen content of the fuel which helps to reach a more completed combustion. For example, Barroso et al. (2010) , used an industrial burner to compare the performance of bio-ethanol and diesel in a vertical boiler. Tests were carried out in two ways: first with similar fuel flows; second with similar thermal potential, successfully adjusting nozzle and injection pressures. Authors conclude that substituting bio-ethanol is technically feasible, provided that modifications are made to the boiler and burner. These modifications also contribute to reduced emissions of contaminants. Combustion tests show important differences between bio-ethanol and diesel. Indeed, NOX and sulphur dioxide (SO2) emissions are significantly lower with ethanol but fuel could produce higher amounts of CO than gasoil if the burner is not properly adapted.
All research reported mainly evaluate performance and emissions of blends but not shows its results on applications to industrial process. In real applications as boiling (Ghorbani et al., 2011; González-González et al., 2014) , pulverization burner (San José et al., 2011) , emulsion burner (San José et al., 2015) , vaporizing oil (Barnes et al., 2010) and biscuit baking tunnel oven (Mirade et al., 2004) , knowing the flame temperature is required.
This work aims to determine the combustion process of diesel-biodiesel blends or diesel-alcohol blends and its results on wall temperature of isothermal oven in an industrial burner. Blends are made of diesel and 20%-40%-60% of ethanol (E20, E40, E60), diesel and 20%-40%-60% of methanol (M20, M40, M60), diesel and 20%-40%-60%-80%-100% of biodiesel (B20, B40, B60, B80, B100). The analyzed parameters are gas emissions, thermo-physical properties, and wall temperature of isothermal oven. Diesel and biofuel blends are burner under similar conditions in a burner coupled to anisothermal oven.
Design and experimental procedure

Thermo-physical properties
Before testing diesel and biofuel blends, it is necessary to determine their thermo-physical properties. That is why representative samples of each one are analyzed to measure the viscosity, density, flash point, and minimum calorific value (Table 1) . Density measurements respect the ASTM D1481 method, using a Gamma density-meter which freely floats in a constant temperature bath at 15 °C.
Viscosity is measured by a viscometer Saybolt (E. Machlett & Son), according to ASTM D88 method: at 40 °C, the time it takes to collect 60 ml provides its value. This method generates SUS units that are converted into cinematic viscosity in IS units.
Flash point is measured by the close-cup Pensky Martens's method, which consists of a cup with a fixed amount of fuel, an immersed thermometer in the liquid and an agitation. The cup is closed and warmed. Ignition is provided on the top of the cup. When the flame noticeably fills the cup, the flash temperature is reached. This method is based on ASTM D92 and D93 method. This method is only valid for diesel and biodiesel, as ethanol and methanol have flash points that are too low for this test.
Calorific value and other measurements of combustible capacity are done according to ASTM D4809, D271 and D2055. To sum up, the test material is contained in a cup inside a calorimetric pump. A fuse wire, connected to an electrical circuit, is hanged and immersed in the sample. The pump is closed, rinsed with incoming oxygen and pressurized to 30 atm. The test material ignites inside the pump and the released heat is measured by temperature differential of a known water body outside. When combustion is finished, the pump is placed in an oven. Then the gaseous and vapor mixture inside is released through traps of CaCl2 (calcium chloride, in water) by weight differential. Heat capacity and other values are derived by calculations.
Biodiesel (sunflower oil) is denser, more viscous, and has a higher flammable point than conventional petroleum diesel. However, it possesses a lower calorific value. Alcohols such as ethanol and methanol are less dense and viscous than conventional diesel. Besides they have lower flammable points and less calorific value. Diesel and biodiesel are more miscible than alcohols.
The differences properties between alcohols and diesel impose to modify the burner and its functioning in order to promote ethanol and methanol as efficient burning fuels. Barroso et al. (2010) , mention changes in the instrumentation and the adaptation of some equipment parts to insure a good combustion. For example, they changed the flame detection because of the differences between flames of both alcohols and diesel. It is also necessary to modify airflow and pressure of injection in order to obtain either similar flows or similar power upon entrances.
Procedure and combustion tests
Studies of diesel and biofuel blends are carried out in an industrial diesel burner LO-60 (CIB-UNIGAS), which has a maximum power of 60 kW and a maximum flow rate of 5 kg h . The isothermal oven consists of a combustion chamber, a refrigerated chamber and a heat exchanger. The diameter and the length of the combustion chamber are fixed (540 mm and 1350 mm respectively). The oven, insulated with a refractory material (Plastigreen, Lota Green), is surrounded by a cooling water circuit which maintains a stable temperature profile. The isothermal oven requires two independent sources: one for the heat exchanger (one pass, sent to waste) and a second for the refrigerated chamber. The last one provides a constant water level thanks to a compensation tank which allows water to expand when temperature increases. Water enclosed in the refrigerated chamber circulates through the heat exchanger by using an electric rotary pump. Figure 1 shows the schematic design of the equipment. Further information is detailed in Saez et al. (2012) .
Twelve thermocouples, type R (0.75 mm in diameter, platinum-rhodium coating with 13% of rhodium) and type K (1.5 mm in diameter, chromel-alumel coating) made by OMEGA are connected to different parts of the equipment: T1 to T5 are attached to the wall oven, while T9 to T12 monitor temperature of water flow in different locations. An OMB DAQ 54 acquisition module collects the voltages measured by the thermocouples and converted by the Personal DaqView Software.
Effluent gases of the combustion are analyzed by two flue-gas meters, Testo 350-S and Bosh BEA 250 EU. Gases are monitored at the end of the vent pipe by both instruments. The gases CO, unburned HCs, and NOx are tracked. The methodology, which permits to compare the combustion process of blends, is based on triplicate measurements for each blend. Throughout the experiments, the injection pressure is fixed to 8 bars, the mechanical air opening to a constant value and a pressure of 0.6 bar is imposed in the circulation pump. Each experiment is initiated with a volumetric fuel mixture of pre-determined percentages. Fuels are mixed in bottles of 500 mL and 250 mL, and then transferred to a 2 L graduated cylinder. A big care is brought to the preservation of the homogeneity of the mixture in the time. After the start-up of the equipment, a start up period of 30 min is established to attain stable conditions. The flow rate of the refrigerated water is determined according to the water consumption of the system. Temperatures of the process and of the sampled effluent gases are recorded by the computer.
Analysis of results
Wall temperature of the oven
The study of the influence of the burned blend on the temperatures inside the isothermal oven is focused as special matter of interest. Moreover the temperature evolution for a same blend indicates if the combustion is stable or not. All the results presented in this paper are taken when the temperature is stable. Figure 2 shows positions of the thermocouples from T1 to T5 which give the wall temperatures inside the oven. The average temperatures for each measure point are shown in Figure 3 . In this figure, it can be seen first that temperatures given by T2 and T4 are close as measure points are close for all blends. Temperatures given by T1 and T3 are close too for the same reason. Secondly, it appears that temperatures in each measure point present a similar trend. Compared to pure diesel, temperatures for methanol and ethanol blends are lower and decrease as the percentage of alcohol increases. On the contrary, temperatures for biodiesel-diesel blends are higher than these for pure diesel and increase as the percentage of biodiesel increases. The higher combustion temperature of biodiesel blends can be explained by oxygen content in the biodiesel, which is favorable to the combustion process. 
Concentrations of the effluent gases
In the case of pure diesel, burning conditions are established and blends are combusted accordingly. These burning parameters indicate that a ratio of 60% (v/v) of ethanol or methanol in the blends gives a more stable combustion, whereas for mixtures above and beyond 60% (v/v), modifications are required. On the other side, pure biodiesel can be burned without modifications.
NOX and unburned HCs emissions
The NOX emissions, between 1 ppm to 10 ppm, are too low to give relevant information. Unburned HCs emissions also are very low and any trend can be drawn. Figure 4 shows the emission of CO in the effluent gases according to the different blends made of the variable percentages of diesel, biodiesel, ethanol and methanol. It can be observed first that the combustion of pure diesel or of biodiesel blends presents the smallest production of CO. It can be explained by the similar properties to pure diesel. Literature confirms it: due to oxygenated compounds, the combustion of biodiesels is more complete that the combustion of petroleum fuels, reducing the CO emissions (Ghorbani et al., 2011) . Secondly, the emission of CO increases as the percentage of ethanol (from 20% to 60%) increases. It means that the combustion is less complete as the percentage increases. The behavior for blends with methanol is not so clear: the emission of CO increases for percentages of methanol from 20% to 40%, but decreases for percentages of methanol from 40% to 60%. 
CO emissions
Conclusions
Under same operating conditions of the isothermal oven, the combustion of pure diesel, diesel-biodiesel, diesel-ethanol y diesel-methanol blends have been studied. It concludes that the wall temperature in the isothermal oven is higher for diesel-biodiesel blends than for pure diesel, whatever the percentage of biodiesel. On the opposite, the wall temperature diesel-ethanol y diesel-methanol blends is lower than for pure diesel. Biodiesel is recommended if a high temperature is expected in an industrial process. Moreover, related to the combustion of biodiesel-diesel blends produce much less CO than alcoholdiesel blends, and negligible quantities of HCs and NOX.
